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Abstrat
Abnormal grain growth in the presene of seond phase partiles
is investigated with the help of a two-dimensional Monte Carlo sim-
ulation. An aggregate of equiaxed grains is onsidered with onstant
grain boundary energy and mobility. The only driving fore aounted
for stems from the grain boundary urvature. The proess of abnormal
grain growth is investigated as a funtion of two governing parameters,
the initial degree of pinning of the matrix grains by the partiles and
the initial size advantage of the anomalous grain. In suh onditions,
moderate growth is obtained whose spei features are disussed with
respet to the available models. It is shown that it is possible to obtain
drasti grain growth by introduing the thermally ativated unpinning
of grain boundaries from partiles. For this purpose, a simplied but
eetive proedure is proposed and disussed that inludes the inu-
ene of the apillary fore on the height of the loal energy barrier for
grain unpinning.
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1
1 Introdution
The grain growth proesses ourring in polyrystalline materials submitted
to an annealing treatment are usually lassied into two types. The rst
type orresponds to a self-similar oarsening proess and is alled normal
grain growth. It is haraterised by a uniform inrease of the grain size with
a time-invariant distribution funtion. The seond type is alled abnormal
grain growth and is haraterised by the oarsening of a few grains at the
expense of the surrounding matrix. In suh onditions, the self-similar aspet
of the oarsening proess is lost. In addition, one also distinguishes a par-
tiular kind of abnormal grain growth, whih is sometimes alled "drasti"
abnormal grain growth. In this last ase, a few grains an invade the whole
mirostruture during an annealing treatment. The nal size of these grains
an be two orders of magnitude larger than the grain size of the surround-
ing matrix grains and, in some ases, a single rystal is eventually obtained.
Suh heterogeneous mirostrutures may be highly detrimental to mehanial
properties and it is partiularly important to avoid their ourrene during
the thermo-mehanial proessing of ne-grained materials.
Dierent mehanisms have been proposed to explain abnormal grain growth.
A small prestrain an promote the onset of anomalous grain growth by a
mehanism of ritial strain annealing. In this ase, a ritial deformation
is needed for the growth of a few grains that will onsume all the others,
the driving fore being the energy stored in the deformed grains by disloa-
tion networks. This mehanism has been reprodued with the help of Monte
Carlo simulations and fully disussed by Rollettt et al.
1
Capillary fores,
whih indue a redution of the total grain boundary energy, an also be
responsible for abnormal grain growth. In this ase, normal grain growth of
the matrix grains is inhibited by either a texture eet or by the presene
of seond phase partiles. The former situation is well doumented. It is
haraterised by an anisotropy of the grain boundary energy and mobility,
as these last quantities depend on the relative misorientation of the grains.
Monte Carlo simulations have been performed on textured grain aggregates
by Rollett et al.
2
and Grest et al.
3
and were found in good agreement with
1
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2
the analytial approah proposed by Wörner et al.
4
However, situations are
met in equiaxed polyrystals, where no texture is evidened either after a
prestrain or after a further heat treatment, so that this mehanism annot
be involved.
The present study was motivated by the observation of abnormal grain
growth in several nikel base superalloys for high temperature appliations
produed by powder metallurgy tehniques.
5 , 6
The mirostruture of these
alloys is made up prinipally of an austeniti γ matrix, exhibiting no signi-
ant texture and hardened by several families of L12 ordered γ
′
preipitates.
The omposition of these two phases is based on Ni3Al, with signiant
amounts of other elements like Co, Cr and Ti. Moderate or drasti abnormal
grain growth was found to our during heat treatments performed above
the γ′ solvus (typially at 1205◦C). In suh onditions, the only preipitates
that remain stable in the alloy are inoherent oxy-arbide partiles, whih are
preferentially loated at the previously existing preipitate boundaries with
a volume fration of about 0.1%. These partiles should eetively play the
role of obstales to grain boundary migration, due to their small diameter
(about 100 nm) and spaing, and should normally impede normal as well as
abnormal grain growth. The models by Hillert
7
and Andersen et al.
8
refer
to suh a situation and are frequently invoked to explain the experimental
results. However, numerial simulations have not up to now been able to
hek the preditions of these models.
9
Monte Carlo simulations were arried out in a model material onsisting
of an equiaxed, fully rerystallized and isotropi grain struture ontaining
a ne dispersion of stable preipitates. A few useful denitions are briey
realled in Part 2, where, in addition, the bases of the Monte Carlo simulation
are outlined. The numerial results obtained in the absene or presene
of thermally ativated unpinning of grain boundaries from preipitates are
reported in part 3. These results are disussed in part 4.
4
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2 Numerial model
The numerial proedure used in the present work is similar to the one em-
ployed in previous studies.
10,11
It is desribed in detail elsewhere.
12 , 13
Use
is made of a two-dimensional triangular lattie, with periodi boundary on-
ditions. To eah lattie site S i is assoiated a rystallographi orientation,
represented by a number Q ranging between 1 and 1000. A grain is de-
ned as an ensemble of adjaent sites having same orientation. The initial
mirostruture is obtained by distributing at random the rystallographi
orientations on the lattie sites, whih results in an initial mirostruture
ontaining grains of uniform size and of dimension one lattie site.
The partiles are represented by xed sites having a partiular orientation,
S i= 0. In two dimensions, and for inoherent partiles, the pinning fore is
entirely determined by the line tension of the grain boundaries.
14
Thus, the
interfaial partile-matrix energy is assimilated the grain boundary energy
per unit length J. In the initial mirostruture the partiles are distributed
at random with a surfae fration f whose value is 0.5, 1 or 2%. In what
follows, we fous on the simulation results obtained with f = 2%.
The Hamiltonian H of the system is written
H =
1
2
J
N∑
i=1
nn∑
j=1
(
1− δSiSj
)
, (1)
where δ is the Kroneker symbol and J is a onstant, assuming that the
mirostruture is made up of an equiaxed and non-textured polyrystal on-
taining large-angle boundaries with isotropi energy. The sum is taken over
all nearest neighbours (nn). The evolution of the mirostruture is simulated
with the help of a Monte Carlo sheme. A site is hosen at random and its
orientation is randomly hanged to one of the other (Q-1) orientations. If the
resulting total variation in energy, ∆H, is negative or null, the reorientation
10
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ta Metall. 32 (1984)
783.
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i. Eng. A 271 (1999)
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toral thesis, University Paris-Sud, (1998) Orsay.
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is aepted. If the hange in energy is positive, the reorientation is aepted
with the Boltzmann probability
P = exp
(
−
∆H
kT
)
(2)
As the Hamiltonian only inludes the grain boundary energy, the only
driving fore for grain growth inluded in the simulation is a apillary fore.
The time sale of the simulation is assimilated to the Monte Carlo Step
(MCS), i.e., to the time orresponding to one reorientation attempt on all
the sites that do not ontain a partile. A rst set of simulations, performed
at the absolute zero of temperature, will be presented in the next setion.
The ase of non-zero temperatures is also onsidered, sine the thermally
ativated unpinning of grain boundaries from partiles is a plausible event at
high temperature.
Aording to the two dimensional models of Hillert
7
and Andersen et
al.
8
, a neessary ondition for obtaining abnormal grain growth is the pre-
existene of grains of size larger than the average size of the matrix grains. We
dene by Dab, D and Dlim the initial diameter of the future abnormal grain,
the urrent mean diameter of the matrix grains and the stagnant (i.e., nal)
value of D, respetively. The results of the models an then be expressed
in terms of two redued parameters, the diametrial size advantage, Dab/D,
and D/Dlim the degree of matrix pinning. The riteria for abnormal grain
growth are written as follows :
dDab
dt
> 0 (3)
and
d
dt
Dab
D
> 0. (4)
Eq. (3) simply expresses that the large grain must grow, while Eq. (4)
expresses the ondition that it must grow faster than the matrix grains. This
last ondition destroys the self-similarity of the oarsening proess, whih
haraterises normal grain growth. However, As was shown numerially by
Srolovitz et al.
9
, the pre-existene of large grains is not a suient ondition
to obtain abnormal grain growth and one must onsider, in addition, the
inuene of the partiles on the growth proess. Their eet is essentially to
redue the loal urvature of the matrix grains and, therefore, their apillary
5
driving fore. As a onsequene, a large grain may, then, be submitted to a
driving fore larger than that of the matrix grains and grow at a suient
rate to full the seond riterion for abnormal growth [Eq. (4)℄.
In the present simulations, a large test grain with a pseudo-irular shape
and an adjustable diameter is initially introdued into a matrix struture.
The latter may have an average initial grain size D¯o of one site, or may have
been previously subjet to a sequene of uniform growth in order to inrease
its initial degree of pinning. The initial value of the size advantage,
(
Dab/D¯
)
o
is xed to a value of about 3, exept if stated otherwise. This initial value
is implemented within a minor error due to the disrete nature of the sim-
ulation. Beause the growing grains sometimes exhibit irregular shapes, it
is onvenient to monitor their growth by measuring their area. As a onse-
quene, we make use in what follows of a redued area advantage, Aab/A, and
a redued area degree of pinning, A/Alim. These two quantities are obviously
idential to the equivalent diameters squared.
3 Results
3.1 Mehanial approah (T = 0 K)
In a rst step, we onsider a pure mehanial approah (T = 0 K) and inves-
tigate the role of the pinning degree of the matrix grains on the oarsening
proess of a large test grain. The stagnant matrix grain size is known from
a previous simulation study
12
on Zener pinning, i.e., on the pinning of uni-
formly growing grains in the presene of preipitates.
15
Fig. 1(a) shows
the evolution with time of the mean grain size of a polyrystal ontaining a
surfae fration f = 2% of partiles. The driving fore for grain growth in
the presene of partiles is provided by the grain boundary urvature, whih
dereases with inreasing time and mean grain size. A steady pinned on-
guration is obtained after a ertain amount of time, when the driving fore
beomes insuient to overome the Zener drag. As was shown reently,
suh a steady state an also be obtained by a deterministi approah.
16
The
stagnant mirostruture orresponding to the onditions of Fig. 1(a) is rep-
resented in Fig. 1(b).
15
C. S. Smith, Trans. metall. So. A.I.M.E. 175 (1948) 15.
16
D. Weygand, Y Bré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ta Metall. 47 (1999) 961.
6
A potentially anomalous grain with an initial redued size advantage
(Dab/D¯)0 ≈ 3 is then inserted into matrix strutures with various degrees of
pinning. The evolution with time of the area Aab of the test grain and of the
redued area advantage, Aab/A, are shown in Figs. 2(a) and (b), respetively.
Here and in what follows, the surfae fration of partiles is f = 2%.
The ratio Aab/A inreases monotonially with time and further saturates,
provided that the initial degree of pinning is suiently large. Hene, the
test grain an grow abnormally only if the matrix grains are not too far from
their limit size. When the initial degree of pinning is small and the matrix
grains are highly mobile, no abnormal grain growth ours beause the size
advantage of the large grain gradually vanishes during the growth proess.
Figure 3 shows a sequene of mirostrutural evolution leading to abnormal
grain growth. One an notie that the matrix has not evolved signiantly
in omparison to the large grain.
The initial pinning degree of the matrix grains is now xed to a value
(D/Dlim)o and the initial size advantage of the large grain is varied. Figs.
4(a) and (b) show the evolution of the area Aab and of the redued area
advantage, Aab/A, of the large grain for dierent values of the initial size
advantage. The large grain grows when the size advantage is beyond a ertain
ritial value and shrinks otherwise [f. Fig. 4(a)℄. The growth is abnormal
in the sense of equation 4 when the initial size is above a seond ritial
value [f. Fig. 4(b)℄, whih is larger than the rst one (f. Fig. 6, below).
This onrms an assumption of the analytial models,
7,8
aording to whih
the pre-existene of a large grain is neessary for abnormal grain growth to
our.
The size of the test grain saturates after a ertain amount of time and the
whole mirostruture is then immobilised by Zener pinning. The large grain
beomes pinned after the matrix grains, sine it has a larger driving fore
governing its growth. Fig. 5 shows a sequene of mirostrutural evolution
starting with an initially pinned mirostruture, Do = Dlim, and an initial
size advantage
(
Dab/D¯
)
o
= 6. This situation approximately orresponds to
the one studied by Srolovitz et al.,
9
where no abnormal grain growth was ob-
served. In Fig. 3, one an see that several unpinning events have ourred on
the boundary of the test grain before it beame fully stabilised. In ontrast,
no unpinning ours in the sequene of Fig. 5, although the size advantage is
larger. The boundary of the abnormal grain moves until it reahes the near-
est partiles. Then, it adopts a minimum energy onguration with straight
7
segments of boundaries between the pinning partiles.
The previous results are synthesised in Fig. 6, whih shows a map of
the dierent types of behaviour obtained, viz. abnormal grain growth, grain
growth but no abnormal growth and grain shrinkage, as a funtion of the
initial values of the redued size advantage and pinning degree. This diagram
onrms that for abnormal grain to our, the initial relative size (Dab/D)o
must be within a ertain range of values whose upper bound is about 4. This
suggests that the ondition of Eq. (4), aording to whih the growth rate
of the large grain must be larger than that of the matrix grains, is more
diult to full when the initial size advantage is too large. The reason an
be better understood by expressing the seond ondition for abnormal grain
growth [Eq. (4)℄ as follows :
dDab
dt
/
dD
dt
>
Dab
D
. (5)
One an see from Eq. (5) that with a larger initial size advantage, a
larger growth rate of the test grain is required to full the riterion. Srolovitz
et al.
9
onluded from their simulations that abnormal grain growth is not
possible in equiaxed materials ontaining partiles when the only driving
fore is of apillary nature. However, this onlusion was reahed from a
study involving too large size advantages and we see from the present results
that an intermediate domain an be dened where abnormal grain growth
is, indeed, possible.
Finally, the type of abnormal grain growth that has been obtained so far
an be onsidered as moderate, but ertainly not as drasti (f. for instane
Fig. 3). The objetive of the next setions is to understand in whih ondi-
tions the present simulation an reprodue the experimental observations of
drasti abnormal growth.
3.2 Thermal unpinning
As drasti grain growth is experimentally a high temperature feature, it may
be neessary to aount for the possibility of a thermally ativated detah-
ment of the grains from the pinning partiles. Suh an eet was already
studied analytially by Gore et al.
17
and with the help of extensive Monte
17
M. J. Gore, M. Grujii, G. B. Olson and M. Cohen, Ata Metall. 37 (1989) 2849.
8
Carlo simulations by Miodownik et al.,
18
in the ase of homogeneous grain
growth in the presene of pinning partiles.
In our simulation, suh a mehanism an be ahieved by allowing site
re-orientations, whih involve the unpinning of a grain boundary and lead to
an inrease of the energy of the system, to be onditionally aepted with
a Boltzmann probability. Thus, in this rst step, it is simply assumed that
the redued energy J/kT is not too large, so that the unpinning probability
is signiant. Site reorientations involving no pinning events are treated in
a purely mehanial manner (T = 0 K). The initial mirostruture onsists
of struture of pinned grains, like the one of Fig. 2. A single test grain test
is introdued in the pinned mirostruture and from the beginning of the
simulation, the temperature is set to a non-zero value.
Fig. 7 shows the evolution of a large test grain as a funtion of the re-
dued temperature. Abnormal grain growth is never obtained within the
range of redued temperatures onsidered here, 0.2 J/k < T < 0.6 J/k. In
addition, an apparently paradoxial behaviour is obtained. The higher the
temperature, the earlier the size advantage, Dab
/
D, starts dereasing. In-
deed, one may expet a priori that the size advantage should inrease with
time, all the more as temperature inreases. The interpretation of this par-
tiular behaviour is postponed to the disussion part. Finally, Fig. 8 shows a
typial mirostrutural evolution at a temperature T = 0.4 J/k. Similar re-
sults, not shown here, were obtained with other values of the partile volume
fration, 0.5% and 1%, as well as with other values of the partile size (3 and
7 sites).
13
As will be disussed in the next setion, the reason for the absene
of abnormal growth stems from the too rough treatment of the unpinning
events.
3.3 Seletive thermal unpinning
The disrete simulation attributes the same ativation energy for unpinning
to the small and the large grains. However, it is important to have in mind
in mind, that in onditions favourable for abnormal grain growth, the small
grains are subjet to a smaller apillary driving fore than the large ones.
Hene the orresponding ativation energy should be inreased aordingly.
As the present simulation is not rened enough to desribe the loal ongu-
rations of the pinned grain boundaries and inlude this eet, the dierene
18
M. Miodownik, E. A. Holm and G. N. Hassold, Sripta Metall. 42 (2000) 1173.
9
in energy barrier between the large and small grains is inorporated into the
Metropolis riterion in a very simplied manner. The method employed is
illustrated by Fig. 9. Between two pinning events, the boundaries of the
test grain evolve aording to the apillary fore i.e., the loal urvature, and
its motion is not thermally ativated. When the boundary is pinned by a
partile, the probability for thermal unpinning is onsidered. For the small
grains, the probability for thermal unpinning is assumed negligible and only
mehanial unpinning an our. This rather rude proedure may seem to
drive the nal result but, as disussed in the next part, it an be justied in
physial terms.
Fig. 10 shows the evolution of the redued area Aab
/
A of the abnormal
grain as a funtion of time and for dierent redued temperatures. Drasti
abnormal grain growth does our above a ritial temperature T c ≈ 0.2
J/k and qualitatively follows an Arrhenius type of behaviour. Fig. 11 shows
the mirostrutural evolution at T = 0.3 J/k of a polyrystal ontaining a
large irular grain, initially introdued in a pinned matrix struture. In
suh onditions, an initial size advantage of about 3 is suient for the
large grain to invade the whole mirostruture. Similar results, not reported
here, were obtained with other values of the partile surfae fration (0.5%
and 1%). It was also heked that suh a strong abnormal grain growth
ourred with two other partile sizes, 3 and 7 sites. This type of behaviour
strongly ontrasts with the moderate growth of the large grain obtained in
the absene of seletive unpinning. Below T = 0.2 J/k, this drasti abnormal
growth behaves as a transient proess. The whole mirostruture, inluding
the large grain, beomes eventually pinned when the driving fore is no longer
suient to overome the Zener drag.
4 Disussion
In the present study, the pre-existene of a large grain has systematially
been assumed and an initial size advantage was onrmed to be a neessary
ondition for obtaining abnormal grain growth. The presene of these large
grains an be explained as follows. The thermo-mehanial treatment indues
a weak primary rerystallization, thus generating a few fresh grain embryos.
The latter may further grow at the expense of the deformed matrix grains.
For this proess to our, it is suient to slightly predeform the material
10
lose to a ritial deformation value.
13,19
The driving fore for this primary
rerystallization step is, then, provided by the stored energy aumulated
during the prestrain. When this driving fore is exhausted, the oarsening
proess an only ontinue under the inuene of the apillary driving fore.
A seond ondition for abnormal grain growth is that the mobility of the
matrix grain boundaries must be suiently redued by pinning eets. This
allows the large grain to outgrow the surrounding matrix grains. When the
matrix grain boundaries are too mobile, i.e. when D/Dlim is small, the large
grain may grow but not in an abnormal manner. This situation is similar
to the one enountered in the absene of preipitation, when a large grain is
introdued in a matrix governed by normal grain growth. It has been shown
both analytially
20
and numerially,
9
that suh a large grain beomes rapidly
inorporated into the steady-state distribution funtion haraterising nor-
mal grain growth. Therefore, a signiant initial perturbation is neessary
in order to destabilise the uniform growth proess.
The map of oarsening behaviour shown in Fig. 6 agrees well, in quali-
tative terms, with the preditions of the model by Andersen et al.
8
In both
ases, an upper limit is predited for the initial size advantage leading to
abnormal grain growth. Suh a feature is absent from the lassial model
of Hillert.
7
Indeed, Hillert's approah is a pure mean-eld model, whereas
the approah by Andersen et al.
8
ombines a mean-eld aspet with a loal
aspet. The latter is assoiated with a ne desription of the geometry of
the interfae between the large grain and the surrounding matrix grains. The
mean-eld aspet resides in the assimilation of the matrix grain struture to
a regular honeyomb struture, as rst proposed by Gladman.
21
It is interesting to ompare the present results with those obtained in the
absene of partiles with anisotropi materials, i.e., with anisotropi grain
boundary energy and/or mobility. In the ase of a mobility advantage and
a onstant grain boundary energy, simulations
2,3
as well as the model by
Wörner et al.
4
show that abnormal grain growth also ours within a range
of values of the initial size advantage. Quite generally, a fator has to inhibit
normal grain growth, whih an be provided by loal pinning, textural eets
or surfae energy anisotropy.
As drasti abnormal oarsening is not obtained within a pure mehan-
19
C. Antonione, F. Marino, G. riontino, and M. C. Tabasso, J. Mater. Si. 12 (1977)
747.
20
C. V. Thompson, H. J. Frost and F. Saepen, Ata metall. 35 (1987) 887.
21
T. Gladman, Pro. R. So. A 294 (1966) 298.
11
ial approah, an attempt was made in setion 3.2 to aount for thermal
eets. The physial idea onsists in taking into aount thermal detah-
ment and noting that this later should be easier when the driving fore for
grain boundary motion is larger. This was simply performed by treating the
unpinning of the grain boundaries from the seond phase partiles via the
Metropolis riterion. As a result, it was found that the tendeny to abnor-
mal grain growth was not enhaned but redued, even at elevated redued
temperatures (f. Fig. 8). The obvious reason for this unphysial behaviour
is that the abnormal grain and the matrix grains are able to pinh o the
partiles with the same probability, sine the ativation energy is not in-
dexed on the loal driving fore due to the disrete lattie struture. As a
result, the advantage provided by the partiles to the large grain, due to the
redution of the average urvature radius of the small grains, is destroyed.
Indeed, in a more realisti (ontinuous) approah, the thermally ativated
unpinning of the grain boundaries should be easier for the abnormal grains,
due to their larger mean urvature, than for the small matrix grains.
17,21,22
A similar behavior was observed for all partile sizes (1, 3 and 7 sites). This
is in agreement with theory sine, in 2D, the maximal pinning fore is writ-
ten Fpin = 2γl, where γl is the grain boundary line tension, and does not
depend on the partile size.
14
In ontrast, one has Fpin ∝ γsr in 3D, where
γs is the grain boundary surfae tension and r is the average radius of the
partiles.
14
This explains why in reent 3D simulations the pinning and un-
pinning properties of a single grain boundary were found to strongly depend
on the partile size.
23
The present proedure leading to drasti abnormal grain growth may seem
a bit rough. Restriting thermal ativation to the pinning sites that involve
the boundaries of the large grain indeed favours the growth of the latter.
However, although this method may be onsidered as an ad ho one, it is
not devoid of physial meaning. It simply onsists of replaing a ontinuum
energy spetrum that is distributed over two rather dierent populations by
two average harateristi states. It is possible to verify that this method
does not oversimplify too muh the dependene of the energy barrier on the
driving fore. For this purpose, one spei grain of the pinned matrix was
seleted and allowed to thermally pinh o the partiles. As an be seen
from Fig. 12, this grain does not grow faster than the surrounding matrix
22
C. H. Wörner and A. Olguin, Sripta Metall. 28 (1992) 1.
23
M. Miodownik, J. W. Martin and A. Cerezo, Phil. Mag. A79 (1999), 203.
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at a temperature T = 0.3J/k, while in the same onditions the dimension of
the large grain signiantly inreases (f. Fig. 11). This result shows that
the dependene of the energy barrier on the driving fore of a spei grain
is well reprodued in a qualitative manner. It also illustrates in a qualitative
way how the oupled eet of a ritial size and non-zero temperature is
needed to trigger true anomalous grain growth.
Wörner and Olguin
22
have shown that thermal unpinning beomes sig-
niant for partile sizes smaller than about 100 nm, low partile volume
frations (smaller than 0.3%) and suiently high annealing temperatures
(about 1000
◦
C). These values are quite onsistent with the experimental ones
in the ase of a nikel-based superalloy [5℄ (f. part 1). In suh onditions
and with a grain boundary energy of typially 1.5 J/m
2
, the energy barrier
is estimated to about 0.6 eV for the abnormal grain. The ratio kT/J should
then be about 0.2, whih is within the range investigated in the present study.
Experimentally, abnormal growth is obtained after annealing at 1205
◦
C for
4 hours. For longer annealing times, the drasti oarsening proess is suh
that one single grain invades the whole mirostruture, as is also the ase in
the present simulation.
5 Conlusion
The simulation of abnormal grain growth in polyrystalline aggregates has
yielded the main following results, that are qualitatively independent of the
partile surfae fration within the range investigated in the present study.
1. The moderate growth of a test grain under the eet of apillary fores
an be eetive in polyrystalline materials with equiaxed grains ontaining
stable partiles.
2. The simulations onrm that two interdependent redued parameters,
the redued abnormal grain size and the redued matrix mean grain size,
govern the ourrene of this growth proess.
3. For moderate grain growth to our, the initial size advantage of
the "abnormal" grain has to lye between an upper and a lower bound. In
addition, the matrix grain boundaries must be suiently pinned by seond
phase partiles. These results are in good agreement with the reent model
by Andersen et al.
8
4. True abnormal grain growth in an equiaxed and isotropi matrix on-
taining stable partiles an be desribed as resulting from a thermally ati-
13
vated unpinning proess. It is still onditioned by an initial size advantage
and is enhaned by the eet of the apillary driving fore on the large grain.
14
FIGURE CAPTIONS
FIG. 1. a) - Evolution of the mean grain area A¯ (number of sites) with
Monte Carlo Step number, for a mirostruture ontaining an area fration
of partiles f = 2%.
b) - The orresponding pinned mirostruture.
FIG. 2. Evolution with time of a test grain, for a xed size advantage(
Aab/A
)
0
=
(
Dab/D
)2
0
≈ 10, and for dierent values of the initial degree of
matrix pinning, D0/Dlim, given in the insert. a) - Absolute area, Aab. b) -
Redued area, Aab/A.
FIG. 3. A typial mirostruture exhibiting abnormal grain growth. The
initial onditions are
(
Dab/D
)
0
= 3 and D0/Dlim = 0.9.
FIG. 4. Evolution of the area of the test grain for a xed degree of pinning
of the matrix grains, D0/Dlim = 0.9 and for various values of the relative
size of the test grain, Dab/D0, given in the insert. a) - Absolute area, Aab.
b) - Redued area, Aab/A.
FIG. 5. Mirostrutural evolution of a large grain (with initial size advan-
tage
(
Dab/D
)
0
= 6) embedded in an initially pinned polyristal (D0/Dlim =
1). No abnormal grain growth ours.
FIG. 6. Map of the behaviour of the test grain in a plot of size advan-
tage
(
Dab/D
)
0
vs. pinning degree (D0/Dlim). The three types of behaviour
observed are abnormal grain growth (AGG), grain growth (GG) and grain
shrinkage (GS).
FIG. 7. Thermal unpinning. Evolution of the redued area advantage,
Aab
/
A, for dierent values of the temperature T, expressed in units of J/k.
The initial size advantage of the large grain is about 3.
FIG. 8. Mirostrutural evolution in onditions where thermal unpinning
of the grain boundaries from the preipitates is eetive (T = 0.4 J/k). The
initial size advantage of the large grain (in the entre of the simulation) is
15
about 3. No abnormal grain growth is observed.
FIG. 9. Shemati proedure for simulating the thermally ativated un-
pinning of the boundaries of the abnormal grain. Three types of sites are
partiularised. Sites P ontain a partile, sites L belong to the large abnor-
mal grain and site S to a small grain. A Boltzmann reorientation is aepted
only if the onsidered site belongs to a small grain and is simultaneously
adjaent to a partile and to the abnormal grain.
FIG. 10. Evolution of the relative size, Aab/A, of the abnormal grain for
dierent temperatures. Thermally ativated unpinning is restrited to the
boundaries of the abnormal grain. The initial size advantage of this grain is 3.
FIG. 11. Mirostrutural evolution in the ase of seletive thermal un-
pinning (T = 0.3 J/k). The initial size advantage of the large grain is about
3. True abnormal grain growth is observed.
FIG. 12. Eet of the thermally ativated grain boundary unpinning on
a partiular matrix grain (in grey). The temperature is T = 0.3 J/k and the
initial mirostruture is similar to the one of Fig. 2. No signiant evolution
of this grain is observed.
16
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